This paper shows that CaCu3Ti4O12 (CCTO) can be synthesized through the high-energy ball milling of CaO, CuO and TiO2 powders. The dielectric characterization of CCTO obtained mechanochemically as well as, for comparison, by a high-temperature method is presented. Moreover, it is illustrated that zirconium oxide in contrast to a metallic iron generated during milling processes improves the properties of CCTO in terms of ceramic capacitors.
Introduction
Ceramic materials characterized by a high value of dielectric permittivity (ε ) and low dielectric loss (tan δ) are desirable because of their numerous possibilities for use in electronics. Currently the used materials are mainly ferroelectrics based on barium and lead oxides. Their high dielectric permittivity is associated with a structural phase transition occurring in a narrow temperature range, which limits their use in electronic devices, e.g. as capacitors. In addition, applying the mentioned toxic compounds is incompatible with the principles of green chemistry.
According to the study provided by Ramirez et al. [1] a CaCu 3 Ti 4 O 12 (CCTO) compound, with a perovskite structure, has the peculiar dielectric properties, i.e. a high dielectric permittivity (ε ) (up to 10 5 ), which is practically independent of frequency (from dc to 10 6 Hz) and temperature (between 100600 K). However, the high value of the dielectric loss (tan δ) of CCTO limits its applicability as a capacitor material [2, 3] .
There are many descriptions of the mentioned above dielectric properties. At present a barrier mechanism [3, 4] is commonly accepted as the correct one.
However, the nature of those barriers that lead to the colossal dielectric permittivity in CCTO is still questionable. Certain experimental results e.g. Li et al. [5] , Sinclair et al. [6] indicate that the colossal dielectric permittivity is caused by the presence of internal barrier layer capacitors (IBLC), whilst others suggest surface barrier layer capacitors (SBLC) [7] . The former could stem from grain boundaries in ceramic samples and/or from boundaries between twins or other planar defects within single crystals or the crystallites of the ceramic samples. The latter could be formed by the depletion of the layers of * corresponding author; e-mail:
piotrdulian@indy.chemia.pk.edu.pl Shottky for example see Felix et al. [8] or Deng et al. [9] who evidenced the existence of the interfaces between the metallic electrodes and the bulk sample.
The current research on CCTO ceramics is focused on the reducing the dielectric losses and attaining the largest possible value of the dielectric permittivity (ε ). This is possible by the substituted replacement of dierent ions e.g. Mn, Fe, Nb [10] , La [11] , Sr [12] and Zr [13] 
and organometallic reagents that are not only expensive, but also environmentally hazardous. There are also known other CCTO ceramics synthesis techniques such as controlled co-precipitation [25] , precursor solution [26] and hydrothermal [27] The CaO, CuO and TiO 2 powders were hand-mixed in a stoichiometric ratio in an agate mortar for 2 h. Such a mixture was subjected to mechanochemical treatment in a Pulverisette 6 (Fritsch GmbH, Germany) planetary ball mill. The reactor (250 ml) and balls of 10 mm in diameter of steel and zirconia were used, respectively.
Milling parameters: rpm = 550; ball to powder mass ratio: BPR = 20 : 1; milling time: 5 h.
Preparation of CaCu
In this case the CaO, CuO and TiO 2 powders were also mixed together in a stoichiometric ratio in an agate mortar for 2 h and pressed at 20 MPa into pellet discs 4 mm thick and of 12 mm in diameter. These discs were sintered in air with the use of a Nabertherm HTC 03/15 laboratory furnace for 12 h at the temperature of 1220, 1320, and 1370 K.
Measurements' techniques
X-ray powder diraction measurements for a phase analysis were performed on a X'Pert Phillips diractometer using a Cu K α radiation(λ = 1.54178 Å) between 10
• < 2θ < 90
• with step-width of 0.01
• . JCPDF cards were used to identify the phases present in the samples. The CCTO ceramics obtained mechanochemically showed great homogeneity in the distribution of particle size (100 nm and 500 nm) without any sintering eects.
The X-ray EDS elemental analysis showed the presence of inclusions of zirconia or metallic iron (the results are not presented here). The electric modulus M * = M + iM and complex permittivity ε* formulae are related, i.e. ε * = 1/M * , and they are more thoroughly discussed elsewhere [37] .
For the rst time, this formula was used by Macedo et al. [38] who studied space-charge relaxation phenomena. The formalism of electrical modulus is very sensitive to small changes in the value of capacitance, so it is among others the most suitable for the description of the electrical properties of grains in ceramic materials [39] .
An additional advantage is the ability to separate intragranular (bulk), inter-granular and electrode eects of sample.
Generally, the relaxation phenomena in the frequency (ν) domain are characterized by the maximum dielectric loss ε (ν) and the corresponding inection point of curve dispersion ε (ν).
A similar description of dielectric relaxation is represented in the case of an electrical modulus but the maximum M (ν) is shifted to a higher frequency in respect of the ε (ν) maximum [40] . the source of the potential barrier is related to the Cu ions, which segregate themselves into the grain boundaries. The activation energy data that relate to the relaxation process are presented in Table. The pre-exponential term, τ 0 was determined from equation ln τ = ln τ 0 − Ea/kT assuming that 1/T → 0. 
